Malaria is one of the most significant tropical diseases, and of the Plasmodium species that cause human malaria, P. vivax is the most geographically widespread. However, P. vivax remains a relatively neglected human parasite since research is typically limited to laboratories with direct access to parasite isolates from endemic field settings or from non-human primate models. This restricted research capacity is in large part due to the lack of a continuous P. vivax in vitro culture system, which has hampered the ability for experimental research needed to gain biological knowledge and develop new therapies. Consequently, efforts to establish a long-term P. vivax culture system are confounded by our poor knowledge of the preferred host cell and essential nutrients needed for in vitro propagation. Reliance on very heterogeneous P. vivax field isolates makes it difficult to benchmark parasite characteristics and further complicates development of a robust and reliable culture method. In an effort to eliminate parasite variability as a complication, we used a welldefined Aotus-adapted P. vivax Sal-1 strain to empirically evaluate different short-term in vitro culture conditions and compare them with previous reported attempts at P. vivax in vitro culture Most importantly, we suggest that reticulocyte enrichment methods affect invasion efficiency and we identify stabilized forms of nutrients that appear beneficial for parasite growth, indicating that P. vivax may be extremely sensitive to waste products. Leukodepletion methods did not significantly affect parasite development. Formatting changes such as shaking and static cultures did not seem to have a major impact while; in contrast, the starting haematocrit affected both parasite invasion and growth. These results support the continued use of Aotus-adapted Sal-1 for development of P. vivax laboratory methods; however, further experiments are needed to optimize culture conditions to support longterm parasite development. Data Availability Statement: All relevant data are within the paper and its Supporting Information files.
Introduction
Plasmodium vivax is the most geographically widespread human malaria parasite causing 13.8 million clinical cases every year [1] . While P. vivax was once considered the benign malaria, it can cause severe disease and death [2, 3] . P. vivax presents unique challenges compared to other human malaria parasites. P. vivax forms a dormant and relapsing stage in the liver (hypnozoites) and the transmissible stages (gametocytes) are found in peripheral circulation prior to the appearance of clinical symptoms [4] , making it especially difficult to interrupt transmission. Despite the large burden of disease, P. vivax has long been neglected largely due to the lack of an in vitro culture system for the parasite. Recent calls for worldwide malaria eradication have placed new emphasis on the importance of addressing P. vivax as a major public health problem [5] .
Long-term in vitro culture of P. vivax has been undermined by its inability to invade mature red blood cells (RBCs), as it is restricted to immature RBCs (reticulocytes) [6] , which represent as little as 0.5%-1.5% in normal blood. Reticulocytes develop in the bone marrow and are released into the peripheral circulation where they continue to mature into RBCs. Enrichment of peripheral blood have failed to support long-term in vitro propagation, most probably due to donor variability and age of the reticulocyte [7] . Additionally, reticulocytes rapidly mature to RBCs in culture conditions [8, 9] , thus requiring continual replenishment, which leads to dilution of the culture. Furthermore, besides the host cell, variability exists in the parasite as well [10] . Thus, the heterogeneity in human P. vivax patient isolates has made it difficult to establish benchmark parasite characteristics such as specific host cell age, media and in vitro culture formatting preferences.
Parasite growth is a product of three main variables: the ability to invade the host cell, the ability to mature within the invaded host cell and the ability to egress and re-invade new host cells. An in depth understanding the ways to successfully support each of these three parameters is necessary to address the parasites' exponential decrease observed in in vitro culture conditions that has represented the major hurdle to the establishment of long-term in vitro P. vivax culture [11] .
Therefore, to overcome parasite variability and establish benchmark conditions to improve the development of a robust and reproducible in vitro P. vivax culture, we set out to perform head-to-head experimental comparisons for a selected number of culture conditions using the P. vivax primate-adapted strain Sal-1 obtained from Aotus lemurinus lemurinus. Aware of the ethical restrictions (number of animals (3Rs principle of reduction); bleeding volume) and of the fact that Aotus is a scarce resource, we designed the study in such a way as to have the minimum amount of animals infected and bleedings required to obtain statistical significance in terms of biological replicas for the most important variables tested. Technical replicates (duplicates or triplicates depending on the amount of blood available) were plated for all experiments and variability was generally low between both biological and technical replicates. Due to the restrictions reported above, we had to be selective on the number of variables to include in the present study, we reviewed literature on short-term in vitro culture [11, 12, 13, 14 and references therein] to assess which variables appeared most critical to the development of a successful in vitro culture. One of the most successful attempts using an Aotus-adapted P. vivax strain (Chesson) was that of Golenda, et al in 1997 [14] , which reported successful doubling at each generation in vitro. Thus, we used the apparently successful methodology described in [14] as a framework and starting point for our study.
To understand host cell requirements [11, 12, 13, 14] , we tested different sources of reticulocytes and procedures for their enrichment to assess their effect on invasion efficiency. We then compared different methods of leuko-depletion to determine if there was an effect on the parasite. Furthermore, we utilized stabilized forms of nutrients to see if they could support growth. Finally, we tested different culture formatting conditions such as shaking versus static formats and altering the starting haematocrit.
Methods

Ethics statement
The experimental protocol was approved by the ICGES Institutional Laboratory Animal Care and Use Committee (CIUCAL) in accordance with procedures described in the "Guide for the Care and Use of Laboratory Animals," 1996, the International Guiding Principles for Biomedical Organizations of Medical Sciences (CIOMS) and the laws of the Republic of Panama; protocol approval number 2013/06. Animals were housed at Gorgas Memorial Institute of Health Studies (ICGES) in Panama. The animals were kept in climate control rooms with 12 air changes per hour (min/max temperature set to 21/25°C and 70-80% humidity) and a red/ white fluorescent 12-hour cycle starting at 03:00 pm. They were kept in pairs (male and female), in stainless steel 4 unit quads cages (Lab Products Inc., Seaford, DE, USA) with dimensions of 27 x 23.5 x 29.5 inches. Each cage was fitted with a 3⁄4-inch-diameter PVC pipe perch placed across 2/3 of the length of the cage and a 6-inch-diameter x 14.5 inches long PVC T pipe nest-box. Cages were routinely cleaned and sterilized at 180°F weekly. Diet consisted of fresh fruit, cooked potatoes, cooked meat rice, pudding (to stimulate foraging behavior and well being), and a vitamin supplement diluted in an orange juice concentrate and mixed with wheat germ bran and sugar. 3x/week animals received Monkey Chow (New World Primate Diet 5040, LabDiet; PMI Nutrition International, LLC, Brenhwood, MO, USA) and fresh fruit. Water was administered daily in plastic bottles fitted with a zip tube (Girton; Millville, PA, USA). During routine bleeding procedures the animals were sedated with Ketamine at a dosage of 10 mg/Kg IM. No euthanasia was carried out during these experiments and once the animals were radically cured of malaria with mefloquine at 20 mg/kg orally once, they were transferred to the reproductive colony. All animals received daily veterinary care.
parasites were obtained after bleeding at a majority of ring stages. Parasites were cryopreserved with Glycerolyte (Baxter) following the Methods in Malaria Research [15] . The animals were housed at Gorgas Memorial Institute of Health Studies in Panama City, Republic of Panama and cared and maintained as described [16] , in accordance with the reviewed and approved protocol entitled "Production of Aotus Plasmodium vivax SAL-1 and AMRU-1 infected blood for continuous in vitro culture attempts" submitted in 2013, registered in the ICGES-Institutional Animal Care and use Committee (CIUCAL-ICGES) under the accession number 2013/ 06 and following the criteria set forth in the International Guiding Principles for Biomedical Organizations of Medical Sciences (CIOMS) and the laws of the Republic of Panama.
Experimental monkeys were infected with parasites through the saphenous vein. Each parasite inoculum contained 5.4x10
6 P. vivax Sal-1-parasitized erythrocytes in a volume of 1 mL.
Parasitemia was monitored daily following the Earle and Perez method [17] with Giemsa (Sigma) stained thick blood smears using 5 μL of blood collected by gently pricking the outer ear vein of the animals. Once the parasitemia had reached a peak, the different animals were bled. A total of 3mL (1-1.5 mL packed cells) was collected. To maximize the number of biological replicates while still limiting the number of animals we infected, we bled some monkeys twice (MN23026 and MN23009) but we took less blood at each draw so the total amount of blood collected was 3 mL. Immediately, following bleeding, the animals were radically cured with mefloquine orally at 20 mg/kg once as described [16] . At each bleeding thin Giemsa blood smears were prepared to obtain precise parasite counts and perform asexual (rings, trophozoites and schizonts) and sexual (gametocytes) staging before parasites were put in culture to test different culture conditions as described throughout the manuscript. The schematic describing the passaging is in Fig 1. 
Heilmeyer classification of ex vivo and in vitro parasites
To evaluate the age of the reticulocytes that contained parasites, we used a double staining method, which simultaneously stains the reticulocyte and the parasite. 5 μL of packed infected cells were washed with PBS, mixed with an equal volume of new methylene blue (NMB) (Sigma) and allowed to stain for 15 minutes. Following the staining, the cells were smeared on a glass slide (Falcon) and air-dried. Slides were then methanol fixed and stained with Giemsa. In the resulting slides both the reticulum of the reticulocytes and the nuclear and cytoplasmic material of the parasites were stained (see S1 Fig, Fig 2) .
Preparation of reticulocytes for invasion
Fresh reticulocyte preparations were obtained from Duffy antigen positive hemochromatosis blood (Brigham and Women's Hospital and The German Red Cross Blood Bank) and Buffy packs (The Interstate Blood Bank INC. Memphis, USA). Three reticulocyte enrichment procedures were used: (i) a modified differential centrifugation method used in [14] (ii) a Percoll gradient [18] and (iii) a CD71 + immuno-magnetic purification method (Miltenyi, manufacturer's specification).
1. Differential centrifugation was carried out as follows: white cells were removed using a leukocyte separation filter (Sepacell), centrifuged (1,000 g, 15 min, 22-24°C), and excess plasma was removed from each tube to achieve an 80-85% hematocrit (hct) and stored 1 hour at 37°C. Warmed blood was then centrifuged (3,200 g, 30 min, 32°C) and the plasma aspirated to approximately 6 mm above the top of the pellet. Remaining plasma from the previous centrifugation (kept at 4°C) and the upper 25% of the pellet were pooled to a 50% HCT and stored at 37°C. This suspension was then diluted with an equal volume of fresh, homologous plasma (50% HCT) and the 37°C incubation, centrifugation, and aspiration procedures were repeated except that only the top 10% of the final pellets were collected and pooled. Reticulocyte purity was assessed with NMB staining.
2. Percoll gradients were performed according to Lim et al [18] by adjusting the hemochromatosis blood to a 50% haematocrit using McCoy's 5A medium, and layered on a 70% Isotonic Percoll cushion and centrifuged for 15 min at 1200 x g, A band of concentrated reticulocytes was formed at the Percoll interface after centrifugation for 15 min at 1200 x g. Reticulocytes [19.22] . The youngest reticulocytes will have a dense reticulum network when stained with NMB (Heilmeyer I), older reticulocytes will have a mild reticulum network (Heilmeyer II-III) and the oldest reticulocytes will have weak reticulum network (Heilmeyer IV were removed, washed in McCoy's 5A medium and stored at 4°C. Reticulocyte purity was assessed with NMB staining.
3. CD71 + immuno-magnetic purification was performed according to manufacturer's (Miltenyi Biotech) specifications. Briefly, 5mL of previously washed Buffy coat pellet, was filtered on a NEO Leukocyte Reduction filter and then mixed with 10mL cold autoMACS running buffer (Miltenyi Biotech) and incubated with 200μL human CD71 microbeads (Miltenyi Biotech) in a 50mL centrifuge tube for 30min at 4°C in an oscillator. After washing the cells with 50mL autoMACS running buffer, they were re-suspended in the same buffer and placed in a 50mL pre-cooled rack for CD71+ enrichment on an autoMACS Pro Separator in the positive selection mode (Posselds). CD71+ eluted cells were washed in the same buffer twice and New Methylene Blue thin blood smears were performed after a 1:1 dilution and 15min incubation at 37°C to check for purity, yielding normally >90% (Fig 3) .
Frozen enriched reticulocytes preparations were obtained from Duffy antigen positive hemochromatosis blood collected by the German Red Cross Blood bank using either (i) differential centrifugation or (ii) a Percoll gradient as described above. After enrichment reticulocytes were frozen with homologous plasma and 10% DMSO in cryotubes. Except for the frozen cells, reticulocytes were enriched and stored at 4°C and used within one week of preparation.
Leukocyte-depletion methods for P. vivax-infected Aotus blood
Two different leuko-depletion methods were compared: (i) CF11 columns and (ii) Plasmodipur filters. For all experiments, Giemsa stained smears were made before and after leuko-depletion to assess parasitemia and stage and health of the parasites. Parasitemia was determined by counting the number of parasites per 10,000-20,000 RBCs per slide as presented in Fig 4. 1. CF11 (Whatman cellulose) columns were prepared as follows: the plunger on a 10 mL syringe (BD biosciences) was removed and a cotton plug was added. CF11 powder was loosely packed to~6-7 mL on the syringe. Glass beads (Sigma) were added to the top to flatten the CF11. The column was prewashed with 3% BSA/PBS. P. vivax-infected Aotus blood was spun-down and the plasma was removed. Blood was re-suspended to~50% hct with 3% BSA/PBS and run through the column. The eluted blood was collected and the column was washed with 3% BSA/PBS until the column ran clear. The blood was then centrifuged and the supernatant was removed.
2. Standard Plasmodipur filter units (Gentaur Gen218839) were connected to a plastic 10 mL syringe and washed with McCoy's 5A medium. Blood was spun-down at the plasma was removed. The blood was mixed with an equal volume of PBS and poured into the barrel of the 10 mL syringe that is connected to the Plasmodipur filter. The plunger was gently inserted into the syringe barrel and the blood was filtered drop wise into a 50 mL tube. The filter was washed with an additional 10 mL of PBS and the wash collected into the 50 ml tube.
Measurements of growth (conversion) and invasion (parasitized erythrocyte multiplication rate, PEMR)
Throughout the study, we used two methods to standardize and normalize our measurements so we could compare different biological replicates. At each time-point, slides were made and Giemsa-smeared to evaluate parasitemia, stage and health of the parasites. As parasites were drawn at roughly synchronous stages (e.g. mostly rings or mostly trophozoites) and progressed in vitro synchronously, we were able to calculate conversions between different stages.
Conversion was determined by staging the parasites at each time-point and multiplying the percent of each stage by the parasitemia (initial rings or trophozoites). The numbers of parasites were counted and percentages were calculated in the same way (resulting trophozoites or schizonts). The percent conversion was the calculated by taking the resulting parasitemia divided by the initial parasitemia. For invasion, we used a normalized measurement of the final ring parasitemia called parasitized erythrocyte multiplication rate (PEMR) [18] . Here, the final number of rings is divided by the input number of schizonts. Our PEMR calculations include only healthy rings with intact nuclei and ring cytoplasm on smears and do not include pyknotic cells. The final fold change in parasitemia following invasion can be normalized to compare different invasion assays using the parasitized erythrocyte multiplication rate (PEMR) by dividing the final number of rings by the input number of schizonts [18] . (C) PEMR demonstrates that the hemochromatosis reticulocytes enriched by density using the [14] method resulted in the best invasion in two independent biological replicates. This invasion was better than the invasion in the same blood enriched by Percoll and significantly better than the reticulocytes from Buffy Coat enriched by density or CD71-microbeads. Parasites were from Aotus MN21014 and MN28016. Statistical significance was determined using Dunnett's multiple comparison test. P value <0.05 (D) Final ring parasitemias of the invasion assays in B. Error bars represent the standard error. 
General culture conditions
As Golenda et al, 1997 was the only study to see doubling over multiple generations, we followed the formatting and media conditions that were used [14] . Therefore, unless specified, for all experiments, we cultured parasites in 4-well plates from Nunclon (Sigma D6789-1CS, Nunc176740) at 6% haematocrit (30μL of iRBCs in 500 μL of media). Unless otherwise stated, media for all experiments was prepared as follows: McCoy's 5A Modified medium (Gibco) was supplemented with 25 mM HEPES (Sigma), 2 g/mL sodium bicarbonate (Sigma), 2 g/L D-glucose (Sigma) and 40 μg/mL gentamycin (Sigma). Media was supplemented always with 20% AB+ heat inactivated serum (The Interstate Blood Bank, Memphis, TN, USA). A candle jar was used to maintain the gas conditions of the 4-well plates (~18% O2). Cultures were maintained at 37°C. For invasion, once the majority of parasites reached the schizont stage, uninfected, human density-enriched reticulocytes were added at a 1:1 ratio doubling the haematocrit to 12% and after re-invasion cultures were diluted back to 6% haematocrit [14] .
Special culture conditions
To determine the effect of stabilized nutrient components, 100X GlutaMAX (Gibco) was supplemented to a final 1X (Fig 5) .
For the cultures in which we wanted to compare shaking versus static culturing formats, we had glass flasks specially made to the specifications of the T flasks that were used in 1997 [14] . Customized glass Erlenmeyer 5 mL and 10 mL funnels and type T funnel fuzzier cock and sintered Type T culture cylinder were manufactured by Ritmester B.V (Fig 6A) . Flasks were gassed using standard parasite gas mixture (5%O2, 5%CO2, 90%N2) by attaching a specialized tube to the fuzzier cock. Shaking was done at 100 rpm on an orbital shaker (Thermo). Although with different volumes of media, haematocrit was respected to a 6%. These conditions mostly closely replicate [14] .
When culture outcomes where studied regarding the starting hct, this was varied from standard 6% to 12% and 15%. Cultures were initiated at the indicated hcts using the blood directly from the draw and diluted to the appropriate hct with complete media (iRBC). We also tested a culture at 12% hct that was mixed 6% from the draw and doubled with uninfected blood (iRBC + RBC) (Fig 7) .
Statistical analysis
Statistical analyses were performed using Graph Pad Prism (5.1).
Results
Aotus lemurinus lemurinus and P. vivax Sal-1
Four adult Aotus lemurinus lemurinus monkeys (MN21014, MN28016, MN26032 and MN23009) served as donors of P. vivax-infected reticulocytes for this experiment after being sub-passaged from MN28010, MN29010 and MN31007 (Fig 1) . To maximize the number of biological replicates for the media and formatting experiments, we bled MN26032 and MN23009 twice. While this limited the amount of starting blood for each condition, it maximized the replicates without having to infect additional animals. Their parasitemia was CF11 filtration in MN26032a (enriched in rings), MN26032b (mixed stages), MN23009a (enriched in rings) and MN23009b (mixed stages). (B). Parasites from the four independent biological replicates had similar parasitemias throughout their time in vitro. (C) However, differences were observed in the PEMR in parasites from CF11 and Plasmodipur. This was mostly contributed by one biological replicate, MN23009a and the trend was not statically significant (Mann Whitney). Error bars represent the standard error. monitored daily by Giemsa stained thick blood smear. For the reticulocyte preference and invasion assays, we needed larger amounts of blood so we only bled MN21014 and MN28016 once (3mL) to maximize the blood volume. Here we are using the same batch of frozen parasite stocks for all monkey infections, as conventionally done in monkey ex-vivo drug studies, where generally infected blood from one single animal is used. When planning these experiments, we attempted to be as thorough as possible while keeping sight of the important ethical boundaries established for the work with non-human primates (3Rs principle of reduction) and of the fact that Aotus is a scarce resource. We have designed the study in such a way as to use the Starting haematocrit (hct) can influence in vitro outcome of P.vivax Sal-1. Cultures from two independent biological replicates, MN23009a and MN23009b, were initiated at different hcts. Reticulocytes enriched by density from patients with hemochromatosis were used. Cultures were initiated with the initial draw at 6% or 12% hct (iRBC, infected RBC) or were initiated with the 6% initial draw (iRBC) and hct was doubled to 12% hct with uninfected enriched reticulocytes (density hemochromatosis) (12% iRBC + RBC) to account for any differences due to the overall total parasite biomass. (A). Parasitemia over time from the two biological replicates. Survival was affected by the conversion differences in B as the two cultures were initiated at majority rings (MN23009a) or mixed rings and trophozoites (MN23009b) (B) Conversion rate differences in the two biological replicates in A between rings to trophozoites and trophozoites to schizonts. (C) Parasitized erythrocyte multiplication rate was only possible to measure in one biological replicate, MN23009a. Error bars represent the standard error. To set up a culture at 12% hct, we first set up the culture at 6% hct and doubled the hct with uninfected fresh, hemochromatosis human blood (12% iRBC + RBC). Results were not statically significant. minimum amount of animals/bleedings required to obtain statistical significance in terms of biological replicas for the most important variables tested. Technical replicates (duplicates or triplicates depending on the amount of blood available) were plated for all experiments; variability was generally low.
Careful parasite staging was carried out on all smears as a way to strictly characterize the starting population of P. vivax-infected reticulocytes. A careful staging clearly demonstrates that the synchronicity of the parasite populations differs between monkeys and between blood draws and that it is therefore important to refer each dataset to its original population when invasion or maturation and growth are considered. A table is provided detailing the experiments each bleed (biological replicate) was used for (Fig 1) and the results from experiments where we had biological replicates are reported in the main text. Due to the fact that Aotus is scarce resource and widely accepted ethical constraints apply to this research, the number of animals was restricted to the minimum required to have enough biological replicates to test a selected number of variables. As we sometimes had small amounts of leftover infected blood, we considered it unethical to discard any material and we therefore used the excess to look into other variables of interest identified in the literature [11, 12, 13, 14] , the results of which are shown in Supplemental Materials.
Ex vivo P. vivax Sal-1 is found in reticulocytes of different ages
To identify the age of reticulocytes that best supports P. vivax invasion and growth, we surveyed the parasites coming directly from the bleed (ex vivo). Heilmeyer classification [19] based on New Methylene Blue (NMB) staining can be used to determine the age of the reticulocyte [10] . In four biological replicates, we found the youngest reticulocytes contain large amounts of RNA (reticulum) and stain most intensely (Heilmeyer I) while old reticulocytes will have very week staining (Heilmeyer IV) (Fig 2A and S1 Fig) . Mature RBCs do not contain RNA and will not stain with NMB (no Heilmeyer classification). Double-staining with NMB and Giemsa revealed that ring stage samples isolated directly from Aotus showed 30% of the parasites being hosted inside strongly NMB stained cells with a very dense reticulum network (Heilmeyer I), 55% inside weakly NMB stained cells with a mild reticulum network (Heilmeyer II-III) and only 15% of the host cells presented either a weak reticulum (Heilmeyer IV) (Fig 2B  and S1 Fig). Although further experiments would be required to demonstrate this finding, it suggests that the parasites preferentially invade younger reticulocytes in vivo in the Aotus model. When more mature samples predominantly containing trophozoites were obtained directly from the Aotus, the 30% of the parasites were still found in the strongly stained Heilmeyer II-III while the rest of the parasites were found in Heilmeyer IV reticulocytes (62%) and only 8% of the parasites were found in cells lacking NMB (mature RBCs) (Fig 2B and S1 Fig), indicating that if merozoites preferentially invade young cells, reticulocyte maturation of P. vivax infected cells progresses in vivo. Interestingly, in vitro data followed a somewhat different pattern where second-generation newly invaded rings (20 hr in vitro) were found 25% inside Heilmeyer I, 25% in Heilmeyer II-III and 50% in Heilmeyer IV (Fig 2B) . When second generation trophozoites (20 hr in vitro from a more mature sample) were studied: 50% were inside Heilmeyer II-III and 50% in Heilmeyer IV. Whether this is due to reticulocytes maturing in vitro prior to parasite invasion or the parasite driving accelerated maturation of the reticulocyte in vitro is unclear.
Reticulocyte enrichment methods affect invasion efficiency
Given the findings of the ex vivo staining and a recent report indicating reticulocyte preparation method can affect the success of invasion [20] , we sought to understand if the reticulocyte source (blood from routine phlebotomies or Buffy packs) and enrichment method affected parasite invasion. In this experiment we performed a head-to-head comparison of invasion rates with reticulocytes from different sources enriched following the different procedures presented in the Material and Methods (density centrifugation, Percoll enrichment, immunomagnetic separation ( Fig 3A) and frozen versus fresh reticulocytes (S2)). In two independent biological replicates (MN21014 and MN28016) and two separate experiments with technical replicates, we calculated the normalized invasion by PEMR (Materials and Methods, Fig 3B) . Dunnett's multiple comparison showed that P. vivax demonstrated a significant preference for fresh hemochromatosis blood derived reticulocytes enriched by differential centrifugation (Fig 3C  and 3D) , despite the fact that the reticulocyte numbers were lower than other methods of preparation (Fig 3A) . In order to verify that human reticulocytes that were invaded as opposed to back invasion into the endogenous Aotus reticulocytes present from the original inoculum remaining in the culture, we performed flow cytometry analysis to determine the amount of P. vivax (PyBIP Alexa647) inside human cells (Glycophorin A/CD235A+) versus Aotus cells (Glycophorin A/CD235A-) (S2A and S2B Fig). BIP is an endoplasmic reticulum (ER)-targeted protein binding immunoglobulin protein whose P. falciparum version (PfBIP) reactivity against P. vivax has already been demonstrated [21] .
We also tried reticulocytes from different hemochromatosis donors in Europe that had been enriched by the same methods as the fresh hemochromatosis blood but had been cryopreserved to preserve freshness in transit. Limited numbers of cells were recovered post-thaw so only one parasite biological replicate was tested ( S2 Fig). Again, fresh, density enriched blood proved to provide a higher PEMR and resulting ring parasitemia (S2C and S2D Fig) .
These results indicate that cryopreservation and Percoll may damage or somehow intrinsically alter reticulocytes during enrichment and preservation, thereby preventing successful invasion of the parasite. Therefore, in subsequent experiments, we decided to restrict ourselves to fresh hemochromatosis reticulocytes enriched by differential centrifugation to monitor invasion, growth and egress.
Leuko-depletion methods can retain late stage parasites and affect invasion efficiencies [14] used CF11 to deplete leukocytes. However, CF11 is no longer manufactured and most laboratories now use commercially purchased Plasmodipur filters or cellulose powder. Therefore, we set out to compare the affect that these two leuko-depletion methods have on parasitemia, staging and health of the parasite. In a few cases we found a correlation between the stages observed in the blood draw, the filtration procedure used and the course of parasitemia. In cases of mixed stage blood draws involving majority mature (trophozoite and schizont stage) parasites, the parasitemias post-Plasmodipur filtering was lower (sometimes, markedly so) when compared to post-CF11 parasitemias (Fig 4A) . In four biological replicates, no major differences were observed in parasitemia over time, but the Plasmdipur-filtered parasites did persist for longer in one replicate (Fig 4B) . Interestingly, in the four biological replicates, we found that the CF11-filtered parasites appeared compromised during invasion as indicated by a lower PEMR (Fig 4C) . Although the trend was not significantly significant, as most of the observed difference was mostly contributed by a single biological replicate, MN23009a. Together these findings indicate that CF11 filtration retains less of the mature stages compared to Plasmodipur, but the mature stages present in CF11 elution may be less fit. This mixed outcome may be due to the contact with the CF-11 powder or due to the fact that CF11 allows ex vivo late stages to pass through, which may be less amenable to adapt to in vitro culture conditions than the early ex vivo stages.
Supplementation of media can influence growth
We tested various preparations of media and supplements. While the parasitemias were not statically different (Fig 5A) , a stabilized form of L-glutamine, GlutaMAX (Gibco), consistently supported parasite maturation along the whole parasite cycle in four independent biological replicates ( Fig 5B) . Greater benefits were observed in the transition from ring to trophozoite, with better conversion rates compared with McCoy's 5A modified medium (control) alone (Fig 5C) . Conversion from trophozoites to schizonts were somewhat negligible (Fig 5C) , but overall, both parasites and host cells appeared healthier in the media supplemented with Glutamax as evidenced by reinvasion of schizonts in the supplemented cultures compared to the control media alone (Fig 5B) . GlutaMAX is a dipeptide of L-alanyl-L-glutamine, which does not break down to form toxic byproducts such as ammonia like traditional L-glutamine. These results indicate that P. vivax could be acutely sensitive to build-up of waste or toxic products in in vitro conditions.
Shaking does not enhance invasion and has marginal influence on development
An important contradictory finding in the literature is the effect of shaking versus static conditions on in vitro P. vivax development. Golenda et al. [14] reported that shaking was necessary to facilitate egress and reinvasion while Mons et al. [12] reported that this actually harmed the parasites. To determine the effect of shaking, we compared both invasion and development of the parasites in shaking or static cultures. To exactly recapitulate the findings of Golenda et al. [14] , we had special T type glass flasks constructed (Fig 6A) . We found that the parasitemia remained higher and parasites persisted in the culture for longer when the cultures were maintained in static conditions (Fig 6B) , similar to what Mons et al. reported [12] . In fact, while shaking and static cultures had similar conversion rates from rings to trophozoites (Fig 6C) , shaking appeared to be somewhat only marginally beneficial to conversion from trophozoites to schizonts (Fig 6C) . Despite Golenda's findings, we determined that shaking had a negligible effect on invasion; PEMR 0.05 compared to static PEMR of 0.04 (Fig 6D) . None of these results were statically significant.
Haematocrit (hct)
In one biological replicate, MN26032a, we initiated cultures at 6% hct and 15% hct to determine if there was any effect on parasitemia (in static cultures). Interestingly, we observed a higher parasitemia that persisted for longer in vitro ( S3 Fig). To examine this further, we decided to test two biological replicates, MN23009a and MN23009b, at different hcts at the initiation of the culture. We started the culture at either 6% hct or 12% hct (iRBC). To determine if the findings from S3 Fig (MN26032) were due to a higher overall parasite biomass, we also set up a culture at 12% hct but this time, we set up the culture at 6% hct and doubled the hct with uninfected blood (12% iRBC + RBC). Overall, we found that the 12% hct culture had a higher parasitemia overall, although no statically significant (Fig 7A) . Interestingly, the parasites persisted for longer in vitro in the 12% hct condition (Fig 7A) . Interestingly, the 12% hct iRBC + RBC provided the best conversion from rings to trophozoites but the 12% hct iRBC had the best conversion from trophozoites to schizonts (Fig 7B) . Additionally, the 12% hct iRBC + RBC had a higher PEMR overall (Fig 7C) . While these results are not statically significant, the trends indicate that differences in parasite biomass and formatting changes to the hct could influence the outcome of the culture.
Discussion
Since Bass and Johnson's first attempt to culture P. vivax in 1912 [22] , many more unsuccessful attempts have been made to develop a continuous, long-term in vitro culture of P. vivax. To date, the most successful of such attempts has been the one by Golenda et al. [14] in 1997 in which they were able to maintain P. vivax in culture for 8 cycles, doubling the number of parasites at almost every cycle and thus maintaining a reasonably high parasitemia compared to other reports [23, 24] . Equally important the Golenda study [14] confirmed that non-human primate-adapted P. vivax (Chesson) derived from infections carried out in Aotus nancymai and Aotus lemirinus griseimenbra could be successfully adapted to in vitro culture conditions. The scope of our experiments was to use this one successful attempt and to optimize culture conditions for the Aotus lemurinus lemurinus adapted P. vivax Sal-1. These studies were designed to inform and improve standardized conditions for further testing of an in vitro culture system. To this end, we selected a wide range of conditions for testing, in part derived from literature and in part from previous findings obtained independently in our laboratories.
Two recent reports have demonstrated a preference of the parasite for young reticulocyte [25, 26] . The reticulocyte-prone rodent parasite P. yoelii, which mimics several biological features of P. vivax, has a strong tropism for the immature reticulocytes present in the bone marrow and spleen of BALB/c mice [25] . A second study found that clinical isolates of P. vivax from Thailand exhibited a strong preference for very young reticulocytes (CD71 high and CD71 med ) in vitro [26] . Therefore, to confirm these two studies, we looked at the parasites coming directly out of the Aotus monkey (ex vivo). Like the rodent study, we observed that the majority of rings were found in young reticulocytes Heilmeyer I and II-III (Fig 2) . Interestingly, most of the ex-vivo trophozoites were also found inside reticulum-positive reticulocytes (Heilmeyer II-III and Heilmeyer IV Fig 2) . This is in contrast to Malleret et al. who have reported that invasion would trigger an accelerated maturation of the reticulocyte such that reticulum would be expected to be absent by the trophozoite stage [26] . We did observe, however, that the in vitro rings and trophozoites (second generation) were found in older reticulocytes and mature RBCs, which is consistent with [26] . Whether the ex vivo and in vitro discrepancies are linked either to an intrinsic difference between the non-human primate adapted strain P. vivax Sal-1 and the Thai isolates, or to an ex vivo versus in vitro effect on the infected host cells needs to be further explored. Alternatively, the reticulocytes may mature in vitro prior to invasion, which could explain why rings are found in older cells. More detailed studies are needed to fully confirm these differences but the overall conclusion that we can draw from our findings is that P. vivax rings ex vivo are found in young reticulocytes indicating a preference for invasion of the youngest reticulocytes.
As reticulocytes represent only a minor portion of whole blood samples [27] , enrichment is necessary to increase the numbers of susceptible host cells for invasion in vitro. We wondered if reticulocyte preparation methods could affect the parasite invasion as specific enrichment procedures (e.g. Percoll) may alter the make up of surface cell markers thereby negatively influencing parasite invasion [13] . Therefore, we opted for a head-to-head comparison of three different enrichment methodologies: differential centrifugation, Percoll enrichment (density gradient) and a CD71 + immuno-magnetic purification method Interestingly, we found that the reticulocytes enriched by density centrifugation alone could support better invasion of the parasites suggesting that at least Percoll density gradients may negatively impact the cells overall (Fig 3) . Another density gradient method [20] using Nycodenz was published after the conclusion of this study and was therefore not tested during the studies presented in this manuscript. While Percoll is made up of colloidal silica coated with polyvinylpyrrolidone, which can be toxic to cells, Nycodenz is a nonionic iodinated gradient medium, which is nontoxic. It has been shown that Percoll gradients can damage the membranes of sperm [28] . However, no side-by-side comparisons were made in [20] , which would be important to consider. Taken together, however, these experiments and the report published by Roobsoong et al. [20] , demonstrate that the host cell health plays an important role in the outcome of in vitro cultures. In the context of differential centrifugation, it is interesting to note that Golenda et al. [14] utilized a laborious method in which they achieved a five-fold increase in the number of reticulocytes (from 3-5% to 15-20%) after a subset of centrifugation and incubation steps with homologous serum. We used both the protocol described in Golenda et al. [14] as well as a simplified version with centrifugations at a maximum of 3,000 xg instead of the 35,000 xg ultracentrifugations. With both procedures, we could obtain a maximum 3-fold increase in reticulocytes compared to the starting hemochromatosis blood reticulocytemia. A contributing factor in the difference in enrichment outcomes (5-fold reported by Golenda et al. [14] and 3-fold obtained in our laboratories) may be due to different treatment procedures for patients suffering from hemochromatosis today compared to 1997 [29] . In the past, repeated bleeds were performed prior to phlebotomy, resulting in an induction of reticulocytosis, while today phlebotomies are performed directly. Thus, the reticulocyte content in blood collected in the past was higher than the reticulocytes obtained from hemochromatosis patients today. Our data suggest that a lower number of reticulocytes in the blood at the start of the differential centrifugation procedures resulted in lower enrichment rates. Additionally, the repeat phlebotomies may also have resulted in a larger pool of young reticulocytes (post-emergence from the bone marrow) which may have resulted in higher invasion efficiencies and allowed for the doubling of the parasites at each generation in the Golenda et al. study [14] . This is also consistent with the preference we observed ex vivo with rings being found in the youngest reticulocytes.
Different factors may explain the difference in replication rates and parasitemia observed in our experiments compared to Golenda et al. [14] : (a) as explained above, reduced numbers of reticulocytes in the blood used to culture P. vivax, suggesting that a reticulocytes source other than the standardly prepared hemochromatosis blood is required if the 15-20% reticulocyte enrichment levels obtained by Golenda et al [14] through differential centrifugation, and reported to be instrumental to maintenance of good P. vivax multiplication rates and parasitemia rates, are to be achieved; (b) the different P. vivax parasite strain used (Chesson [14] vs Sal-1), suggesting that multiplication rates and parasitemia may be at least in part an intrinsic characteristics of the specific P. vivax strain, (c) the karyotype of Aotus monkey used (nancymai and lemurinus griseimembra [14] vs lemurinus lemurinus) and adaptations related to these parasite-host interactions may influence the adaptability of specific P. vivax strains to culture or the longer amount of time in which the parasite was hosted in the donor monkey, potentially allowing for P. vivax to stabilize and synchronize (17-21 days [14] vs 11-14 days).
Although the results of the Golenda study could not be replicated [14] , we set out to compare a number of related variables: leukocyte depletion and its relation to the synchronicity of the starting parasite population; media conditions and supplements; and static versus dynamic culture conditions to improve culture conditions.
The choice of a leukocyte depletion method is important when setting up an in vitro Plasmodium culture as the presence of leukocytes is detrimental to parasite survival and the method chosen can influence the parasite population used to start the culture (parasitemia, stage, viability). In general, no consistent difference was observed in maturation rates when P. vivax-infected reticulocytes were purified from Aotus blood draws using either CF11-powder columns or Plasmodipur filters (Fig 4) . However, the use of CF11 columns for leukocyte depletion from Aotus blood samples frequently resulted in the isolation of a mix-stage parasite population including young and mature parasite forms. In contrast, the use of Plasmodipur mostly resulted in the isolation of synchronous ring-stage parasite populations and much lower parasitemias. However, the CF11 parasites appeared to have reduced invasion efficiencies (Fig  4) . Different hypotheses can be put forward to explain this finding: it is possible that a greater proportion of late stages are allowed through the CF11 column and these might be potentially less fit for adaptation to in vitro conditions. Alternatively, the shear forces involved in CF11 filtration may have a detrimental effect on the fitness of the late stages.
Along this same lines, starting parasite cultures using well-synchronized ring-stage populations [14] could improve progression of the culture as theoretically less metabolically active ring stages could better adapt to an in vitro environment while more mature stages, already exponentially increasing its metabolism, would suffer a "shock" with the sudden changes on the evolving environment. Conversely, the majority of P. vivax in vitro drug assays published to date rely on setting up cultures with samples rich in mature trophozoites [30, 31] , which are allowed to develop for 20-24h to schizonts and then enriched by gradient techniques to overcome the reduction in parasitemia commonly observed during in vitro maturation. In our experiments we could not demonstrate the benefit from a 24 hr in vitro adaptation of rings stages to culture conditions as decreasing parasitemias were the constant and we could observe invasion in P. vivax cultures starting with either rings and or mixed stages.
The choice of an appropriate medium composition for parasite growth cannot be underestimated as, to complete the cycle, the parasite needs to take in nutrients from the media and not be overexposed to toxic by-products. In general, all McCoy's 5A media contain L-glutamine, an essential amino acid for energy production as well as protein and nucleic acid synthesis. However, L-glutamine is quite unstable and is known to be subject to spontaneous degradation accompanied by the generation of byproducts such as ammonia and pyrrolidone carboxylic acid. GlutaMAX is a commercially available alternative to L-glutamine (dipeptide, L-alanine-L-glutamine), which is more stable and does not spontaneously degrade. The mechanism of dipeptide utilization by the parasite involves the gradual release of peptidase during the life cycle in culture, which allows for the gradual hydrolysis of the dipeptide in the medium resulting is an efficient energy metabolism and a high-growth yield. In our experiments, we found that adding Gluta-MAX to the medium was beneficial for P. vivax maturation (Fig 5) , although the parasitemia was not statically significant, we found a longer persistence of parasites in vitro, better conversion and second round invasion compared to the normal base media containing L-glutamine. This indicates that P. vivax may be sensitive to ammonia and pyrrolidone carboxylic acid.
Literature [12, 14] suggests that P. vivax may benefit from the alternation of static and shaking conditions as well as from an increase in hct (from 6 to 12% in Golenda et al [14] ) just prior to reinvasion. In this context, Bass and Johnson 1912, suggested that invasion of reticulocytes by P. vivax should physiologically occur through direct contact between a fully multinucleated schizont and its target cell. This theory is supported by more recent data [32] showing that some of the P. vivax biomass is able to sequester in hematopoietic organs with slow circulation such as bone marrow and spleen (therefore facilitating cell-to-cell encounter) where the P. vivax parasite has access to an environment more rich in reticulocytes (especially the more immature subpopulations) than in peripheral blood. While based on this evidence it appears important to mimic a physiological template of constant circulation conditions through shaking, that would increase the chances of merozoites encountering reticulocytes, the time-point chosen for shifting from static to dynamic conditions may be critical. In fact, there is concern that changing from static to shaking conditions when P. vivax schizonts are already mature, could be detrimental on the P. vivax in vitro culture due to the fragility of this parasite stage [12] . Therefore, the shift from static to shaking conditions was performed early, prior to complete maturation of schizonts, in order to profit also from the early release of merozoite from early schizonts. Our data suggest that despite the marginal benefit shaking provides in terms of maturation, egress and re-invasion, this effect is not consistent across multiple samples and seems to depend largely on the staging of the starting population (Fig 6) . Our findings suggest that shaking at 100rpm does not harm either maturation or invasion. Furthermore, we found that doubling the hct when the culture is first set up is beneficial to P. vivax growth (Fig 6) . Although, in principle this appears counter-intuitive as a higher hct leads to a decrease in the medium nutrients available to the parasite, the beneficial effect observed may be explained by the need for a certain parasite/cell density to promote active communication between parasites through an exosome-like mechanism and/or a more direct contact among cells [33, 34] . In fact, we found that increased hct supported better parasite development (Fig 7) , but this was due to an increase in uninfected cells rather than total parasite biomass.
In conclusion, while Plasmodium falciparum is the most life threatening of the 5 malaria parasite species-affecting humans, P. vivax causes the highest morbidity and is the most geographically widespread of the human Plasmodium. Therefore, there is a need to target this parasite in order to achieve malaria eradication. In order to make advances in the understanding of P. vivax's biology, an in vitro culture for this parasite is urgently needed. Currently, research on P. vivax relies either on the use of field isolates or on the use of non-human primates adapted strains such as Sal-1, AMRU and Chesson [32] . Owing to their reproducibility, nonhuman primate samples have been widely used for P. vivax drug and vaccine in vitro and in vivo assays, and in the most successful attempt to date to establish an in vitro culture [14] . As we look to establish conditions to improve existing short-term in vitro P. vivax cultures and move towards establishing long-term cultures, we have chosen to use the well-adapted NHP P. vivax strain Sal-1 obtained from Aotus lemurinus lemurinus to benchmark parasite characteristics (specific media preferences, bottlenecks in in vitro growth and/or invasion). Although more experiments are needed to be performed some of the trends that were observed, our preliminary findings suggest that P. vivax Sal-1 strain invasion efficiency in culture was dependent on the reticulocyte enrichment method chosen and that parasite growth was positively influenced by the supplementation of culture media with stabilized nutrients indicating that P. vivax may be extremely sensitive to waste products. While the leuko-depletion method used appeared to have little impact on parasite progress, preliminary evidence suggests that shaking conditions and haematocrit may affect both P. vivax invasion and growth. Although further experiments are warranted to further investigate the huge number of variables able to influence P. vivax invasion, growth and egress, many of them not attempted in this work, we believe that the systematic approach presented in this paper, represents a point of departure for investigators interested in establishing long-term P. vivax cultures both with isolates from people in endemic countries and non-human primate samples. [10, 19] . (B-E) New methylene blue (NMB) and Giemsa stained smears of P. vivax Sal-1 rings after collection found in: non-NMB stained cell (erythrocyte) next to a non infected NMB stained reticulocyte (B), NMB weakly-stained reticulocytes (Heilmeyer IV) (C), NMB moderately-stained reticulocytes (Heilmeyer III-II) (D), NMB stronglystained reticulocytes (Heilmeyer I) (E). (F-G) NMB and Giemsa stained smears of P. vivax Sal-1 mature stages after collection found in: NMB weakly-stained reticulocytes (Heilmeyer IV) (F), NMB moderately-stained reticulocytes (Heilmeyer III-II) (G). 
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